Crystal/glass partition coefficients of rare-earth elements (REE), Ba and Sr were precisely determined for the systems prepared by partial melting and partial solidification of high-alumina basalt at 30kb and alkali olivine basalt at 20 and 30kb.
INTRODUCTION
Recognition of importance of rare-earth ele ment (REE) geochemistry in petrogenesis has stimul;lted researchers to investigations on REE partitioning among coexisting phases. Investi gation of REE partitioning for natural coexisting phases', is one of the possible approaches in this field and has been carried out by a number of researchers (e.g., ONUMAet al., 1968; PHILPOTTS, 1968, 1970; HioucHI and NAGASAWA, 1969; NAGASAWA and SCHNETZLER, 1971; PHILPOTTS et al., 1972; NAGASAWA, 1973; SHIMIZU, 1975, and LARSEN, 1979) . Another approach is to study the REE partitioning under experimentally controlled conditions. This ap proach could be much significant and several experimental studies have been made: MASUDA and KusHIRO (1970) , CULLERS et al. (1973) , GRUTZECK et al. (1974) , SHIMIZU and KusHIRo (1975) , TANAKA and NlsHIZAWA (1975) , MASUDA et al. (1977) , RYERSON and HESS (1978) , TERA KADO and MASUDA (1979) , MYSEN (1979) , WENDLANDT and HARRISON (1979) , NICOLLS and HARRIS (1980) and HARRISON and WOOD (1980) . It is true that these investigations greatly con tributed to REE geochemistry on petrogenesis. But, many essential and fundamental problems concerning the REE partitioning still remain un solved or untouched after these studies.
In general, many reserchers have interpreted the REE patterns of igneous rocks on the basis of the following premises; both processes of partial melting and partial solidification produce the same mineral assemblage and the effective REE partition patterns between solid and liquid phases agree with each other; trace element partitioning is controlled solely by crystal struc ture of mineral under consideration; REE pat terns of igneous rocks can be interpreted by the combination of partitioning coefficients of associated minerals (ONUMA et al., 1968; GAST, 1968; SHAw, 1970; JENSEN, 1973; MATSUI et al., 1977, and ALLEGRE and MINSTER, 1978) . On the other hand, MASUDA (1963, 1978, 1979a) has placed emphasis on that many REE patterns of igneous rocks, having logarithmic linearity, are quantitatively explained only if the bulk partition coefficients between solid and liquid are rectilinear with the atomic numbers of REE. MASUDA designated such characters of bulk par tition coefficients as an integer effect. In ad dition, he meant an aspect of this effect as comprising appearance of turning point of bulk partition pattern at a position of atomic number. Further, MASUDA stressed that partial solidifica tion and partial melting cannot always stand in mutually reversible relation in effect. Experimental studies on REE partitioning with high precision are needed to examine these unsolved problems, even if there remains a ques tion concerning time scale. Detailed discussions would be possible only on the basis of the results precisely determined under the controlled con ditions. Many of the experimental studies on REE partitioning in the past are unsatisfactory in precision on REE determination and some are insufficient in major element analysis to discuss problems as stated above.
In this study, partition coefficient patterns of REE, Ba and Sr are precisely determined for pairs of glass and crystal phases prepared at 20 and 30kb for natural basaltic systems.
On the basis of these results together with the major element analysis, REE partitioning will be dis cussed with special reference to the following fundamental problems: reversibility of REE partitioning between melting and solidification process, relation of REE partitioning to the major element partitioning or crystal structure and connection with the bulk REE patterns of igneous rocks.
EXPERIMENTAL
Two kinds of basalts were used as starting materials; one is high-alumina basalt of Mt. Fuji from Mishima and another is alkali olivine basalt from the Oki-Dogo islands, Japan. Table  1 shows the major element compositions and concentrations of REE, Ba and Sr in basalt employed for the present purpose. A piston cylinder type apparatus was used for the high pressure experiments and sample powder was enveloped in molybdenum foil. Table 2 shows experimental conditions and run products ob tained. In "D-series" experiments, powder of basalt was completely molten at high pressures in a piston-cylinder apparatus and then tem perature was slowly lowered to cause the partial solidification and maintained constant for one hour.
After that, the whole system was quenched. In "E-series" experiments, tempera ture was maintained for one hour at desired 
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points to allow crystalline phase to coexist with silicate melt produced by partial melting.
For the system of alkali olivine basalt, both D-sreies (partial solidification) and E-series (partial melting) experiments were performed at 20 and 30kb. These experimental runs are named "D-A-30-series" (D-series for alkali olivine basalt at 30kb), "E-A-30-series" (E-series for alkali olivine basalt at 30kb), "D-A-20-series" (20kb) and "E-A-20-series". High pressure ex periments in the system of high-alumina basalt were carried out at 30kb and they are called "D -H-30-series" (D-series for high-alumina basalt at 30kb) and "E-H-30-series" (E-series for high alumina basalt at 30kb).
Each series was re peated twice and experimental results of two runs in each series are generally in good agree ment as shown later. The phase separation was carried out with methylene iodide and aceton after crushing the run products. The concentrations of REE, Ba and Sr in separated fractions were determined by mass-spectrometric stable isotope dilution technique.
In most cases, REE, Ba and Sr abundances were determined with accuracies better than 1%. The effect of impurity correc tions for reagents used were usually below 1% with REE, Ba and Sr. Major element composi tions were determined by an electron micro probe. Weight ratios of glass to mineral phases in each run were estimated by microscopic ob servations covering wide areas.
RESULTS

Mineral assemblage
As shown in Table 2 , a difference in mineral assemblage was observed at 30kb, depending on experimental procedure, i.e., D-series (partial solidification) and E-series (partial melting) experiments. This difference in mineral assemblage is common to both sys tems of high-alumina basalt and alkali olivine basalt. In E-A-30 and E-H-30, garnet and clino pyroxene coexist with glass, as expected by the results of GREEN and RINGWOOD (1967 However, effects of these corrections were almost negligible and had no essential ef fects on the following discussions.
Very small amounts of opaque minerals were present in some of E-series runs.
Major element compositions Table 3 shows the major element compositions of crystal and glass phases. It is observed that total FeO con tent of run products is smaller than that of starting materials in some of runs, especially in D-series runs. This decrease of FeO content would be due to reaction of FeO in starting materials with molybdenum vessel used for high pressure experiments.
Clinopyroxene obtained from high-alumina basalt contains 16-17% A1,03 and 7-10% MgO; clinopyroxene in the runs of alkali olivine basalt contains 9-12% A1,03 and 12-18% MgO. Both clinopyroxenes are highly aluminous and rich in sodium. (GREEN and RINGWOOD, 1967 , reported high A1,O, content of 7-11 % in clino pyroxene formed at 13-18kb. NAKAMURA and MASUDA, 1976 , also reported that clinopyroxene formed at 20kb contained 13-15% A1,03.) As shown in Table 4 , Ca/Mg atomic ratio of clino (Table  4) . Further, E-series clinopyroxene is somewhat rich in sodium compared with D-series clino pyroxene, e.g., numbers of sodium atoms in clinopyroxene on the basis of 6 oxygens are 0.16 in D-H-30 and 0.20 in E-H-30. The propor tion of jadeiite component in clinopyroxene at 30kb is larger than in clinopyroxene at 20kb, e.g., 0.09-0.14 at 20kb and 0.16-0.19 at 30kb in runs for alkali olivine basalt. Besides, the Al content of the four-coordination site in the clinopyroxene at 20kb is larger than that of the clinopyroxene at 30kb, corresponding to the decrease of tschermak molecule in clinopyroxene with increased pressure. Garnet obtained by employment of alkali olivine basalt as a starting material has the com positions of Fe21Mg63Ca16 and Fe22Mg63Ca56 in atomic ratios, whereas the compositions of garnet from high-aluminabasalt are Fe43Mg31Ca26 and Fe38Mg36Ca26 in atomic ratios. This dif ference in atomic ratios between these two kinds of garnet is larger than the difference between the starting materials (Fe25Mg48Ca2, for alkali olivine basalt and Fe34Mg29Ca37 for high-alumina basalt). Concentration ratios of components between garnet and glass are 1.4-1.5 for FeO, 2.1-2.6 for MgO and 0.85-0.95 for CaO in alkali olivine basalt and 2.1-2.8 for FeO, 3.4 for MgO and 1.1 for CaO in high-alumina basalt. The partitioning of these components between garnet and liquid seems to depend strongly on the chemical composition of liquid.
Concentration ratios of SiO2 between crystal and glass phases are 0.77-0.91 in runs of high alumina basalt and are 0.95-1.0 in most runs of alkali olivine basalt. Glasses from high-alumina basalt turn out to have normative quartz, while the starting material has normative olivine. In runs of alkali olivine basalt, on the other hand, glass phases have similar SiO2 content to those of crystal phases and all glasses are nepheline normative.
In contrast to the case of SiO2 con tent, A12O3 concentration ratios of crystal to glass are close to unity in run products of high alumina basalt. In the case of alkali olivine basalt, on the other hand, A12O3 concentration ratio of clinopyroxene to glass is about 0.6 in most runs of D-A-20, D-A-30 and E-A-20 series (clinopyroxene is the only essential mineral in these experiments).
Glass of E-A-30 experi ments, where garnet as well as clinopyroxene crystallized, contains about 15% A12O3, which is low compared with the other glasses from alkali olivine basalt.
Partitioning of REE, Ba and Sr Table 5 shows partition coefficients of REE, Ba and Sr. In this paper, unless otherwise noted, the "par tition coefficient" means the concentration ratio between crystalline and glass phases. Concentra tions in a composite of garnet and clinopyroxene are calculated from concentrations in each of the two phases and their estimated ratios. Solid fractions, which were separated by heavy liquid and composed of garnet and clinopyroxene, have been also analyzed to refine the calculation.
Partition coefficients between clinopyroxene and liquid for Ba, Sr and La are similar in all runs. Ratios of the partition coefficient of Ba to Sr lie in the range of 0.74-1.23. Similar values ranging from 0.65-0.76 have been ob tained in high-pressure experimental studies by TANAKA and NISHIZAWA (1975) and MASUDA et al. (1977) . On the other hand, SHIMIZU (1974) obtained also by high-pressure experiments smaller partition coefficients between clino pyroxene and liquid for Sr and Ba. That is, the coefficients lie in the ranges 0.054-0.081 for Sr and 0.00078-0.0023 for Ba; ratios of the parti tion coefficient of Ba to Sr are 0.015-0.028. These disagreements should be attributed to dif ference in phase separation technique for high pressure run products.
In the present work, phase separation was carried out with heavy liquid, while SHIMIZU (1974) employed the dif ferential disolution technique. If inclusions and defects rich in large-ion lithophile (LIL) ele ments exist inside crystals, effective partition coefficients of these elements should come out different for these two separation techniques. In the separation using heavy liquid, LIL ele ments in these inclusions and defects may be involved in the solid fraction, while, in the separation using differential disolution tech nique, LIL elements in such inclusions and defects may be included in the liquid fraction. To find which separation technique is better for understanding the naturally occurring pro cesses, we need to clarify the mechanism of partitioning of trace elements. If it is assumed that the presence of small inclusions and defects rich in LIL elements is intrinsic features of crystals forming from magmas in nature, these inclusions and defects rich in LIL elements should be included in the solid fraction rather than in the liquid fraction. (Similarly, if there exist grain boundary layers rich in LIL elements, the elements in these layers should be treated in the same fashion as the case of LIL elements in inclusions and defects in crystals.)
MASUDA et a/. (1977) classified REE parti tioning patterns into three groups: terrace shaped, peak-shaped and schanze-shaped. It is observed that bulk REE partition patterns, i.e., between total solid and liquid, depend on mineral assemblages. When clinopyroxene and garnet coexist with liquid (e.g., E-A-30 and E H-30), the bulk REE partitioning pattern is schanze-shaped as seen in Figs. 1 and 2 . The pattern shows a kind of S-shaped smooth curve and the heaviest REE has the largest partition coefficient. Partition coefficients of heavy REE exceed unity. The pattern resembles the one for M-3 by MASUDA et al. (1977) , although there are differences in absolute magnitude among them.
The schanze-shaped pattern is understood to be ascribed to the presence of garnet. As shown in Figs. 1 and 2 , partition patterns of garnet separated here are also schanze-shaped and their inclinations are steeper than those of partition patterns for crystalline mixture of garnet and clinopyroxene.
The REE partition pattern for garnet of this study is qualitatively similar to previous results for synthetic systems by SHIMIZU and KusaiRO (1975) Partition coefficient patterns of REE, Ba and Sr ctal-glass pairs formed in partial melting experi !t 30kb on high-alumina basalt. Ga, garnet; Cpx, zne; Go + Cpx, mixture of crystal phases of garnet and clinopyroxene. MASUDA (1967b) dealt with the REE con centration ratios between clinopyroxene and garnet and pointed out a general simple relation ship between them. Figure 3 shows the REE concentration ratios between coexisting clino pyroxene and garnet obtained experimentally in this study and the corresponding ratios between naturally coexisting clinopyroxene and garnet reported by PHILrons et al. (1972) and SHIMIZU (1975) . All of these patterns in Fig. 3 are very similar to each other. It draws our attention that the clinopyroxene-garnet REE ratios are practically identical in both systems of high alumina basalt and alkali olivine basalt and it would be much significant that the ratios ex perimentally secured here are in good agreement with the corresponding previous values for natural systems. (1975) and those for B-3 and MM by MASUDA et al. (1977) . Thus, at 30kb experiments of high-alumina basalt and alkali olivine basalt, bulk REE partitioning patterns differ clearly among run products of partial melting and partial solidification, owing to the difference in mineral assemblages: garnet and clinopyroxene for par tial melting and solely clinopyroxene for partial solidification.
As for 20kb experiments of alkali olivine basalt, clinopyroxene is an essential mineral in both processes of partial melting and partial solidification, but REE partition patterns some what differ between the two kinds of clino pyroxene.
In runs of partial melting (E-A-20 -series) , the patterns are terrace-shaped and SHtnuzu (1975) horizontal linear segments over the heavy REE appear to have inflection at or near Dy (Fig. 5) . In runs of partial solidification (D-A-20-series), on the other hand, the REE partition patterns are modified peak-shaped. There appears a maximum plateau in these modified peak-shaped REE partition patterns as shown in Fig. 5 . If extentions are drawn from both slopes adjacent to the plateau, they intersect at Ho or Er.
The REE partition patterns display negative Eu anomalies of about 15% for six runs of E-series (partial melting) and of about 30% for six runs of D-series (partial solidification).
These Eu anomalies may be due to divalent valency state of part of Eu in these experiments as discussed coefficient-ionic radius diagrams for garnet-glass pairs.
14 by TANAKA and NISHIZAWA (1975) .
In Figs. 6, 7 and 8, the partition coefficients are plotted against ionic radii in the same manner as ONUMA et at (1968 ), JENSEN (1973 and MATSUI et at (1977) . These authors concluded that partition coefficient is controlled by the crystal structure and PC-IR diagrams give smooth parabola-like peak.
In PC-IR diagrams of this study, ionic radii by SHANNON and PREwITT (1970) were used and iron was assumed as ferrous state. For garnet of E-H-30-33, the REE curve and the curve of Sr-Ca-Mn look to be subparallel.
The latter curve has a peak maximum near Mn. For garnet of E-A-30-54, however, the two curves intersect. For clinopyroxene having the modified peak shaped REE partition pattern such as D-A-20 62 and D-A-20-77, the two partition curves for Sr-Ca-Mn-Fe and for REE run subparallel and have peak maxima at nearly the same ionic radius. (For D-A-20-62, note that the peak top span, Dy-Er-Yb, is horizontal.) For clino pyroxene having terrace-shaped REE partition pattern such as D-H-30, D-A-30 and E-A-20, the curves of REE in PC-IR diagrams appear con formable in a broad sense to those of divalent rations.
At the same time, horizontality for heavy REE span and a sharp turning to flatness are noteworthy.
As shown in Figs. 7 and 8, PC-IR diagrams for the two kinds of clino pyroxenes with modified peak-shaped and ter race-shaped REE partition patterns demonstrate essentially the same features for curves of divalent and monovalent cations. The difference in REE partition pattern seems to be correlated with a difference in the relative position of two curves for divalent cations and REE. In a case, that the partition coefficient of Fe is smaller than the largest value of REE partition coef ficients, the REE partitioning pattern tends to be peak-shaped rather than terrace-shaped.
GRUTZECK et at (1974) and TERAKADO and Partition coefficient-ionic radius diagrams for clinopyroxene-glass pairs REE partition pattern for in these figures is modified peak-shaped. MASUDA (1979) reported REE partition coef ficients for diopside prepared experimentally at atmospheric pressure and showed that the REE partition pattern has two peaks corresponding to MI and M2 sites in the pyroxene structure. Clinopyroxenes formed at 20-30kb have terrace shaped or peak-shaped partition patterns and possess no peak attributable to Ml site (MASUDA and KUSHIRO, 1970; TANAKA and NISHIZAWA, 1975; MASUDA et al., 1977 , and this study).
The REE partition patterns (Figs. 1, 2, 4 and 5) and PC-IR diagrams (Figs. 6, 7 and 8) would enable us to conclude that REE partition coefficient patterns are approximately conform able with the crystal structures and, at the same time, exibit the atomic number or "integer" characters such as rectilinear features of REE partition patterns having sharp inflection points in terms of the atomic number array.
Significance of rectilinear character in REE par titioning Figure 9 shows that REE, Ba and (MASUDA, 1969 (MASUDA, , 1979b . As noted by MASUDA (1978 MASUDA ( , 1979a , REE in many igneous rocks nor -30-73 (FREY and HASiIN, 1964; MASUDA, 1966 and KAYet al., 1970; SCHILLING, 1971; MASUDA et al., 1977; HUBBARD, 1978, and SHrnuzu et al ., 1980) . REE patterns of these tholeiites could be explained in terms of the rectilinear REE REE patterns in igneous rocks are inter preted by many authors on a basis of a combina tion of partition coefficients of constituent minerals (e.g., GAST, 1968; SHAW, 1970, and ALLEGRE and MINSTER, 1978) . But, as afore mentioned, the rectilinear partitioning for clino pyroxene formed free from other minerals can quantitatively and simply explain the features in REE patterns such as the marked recti linearity, the sharp break and the horizontality for heavy REE span. The aforementioned authors did not pay any attention to these features.
Moreover, it should be noted em Stability of clinopyroxene formed by partial solidification It would draw attention that clinopyroxene prevails as the only essential mineral in D-series (partial solidification) experi ments (this study, TANAKA and NISHIZAWA, 1975, and MASUDA et al., 1977) . As stated before, clinopyroxene in these runs shows the rectilinear REE partition pattern.
In contrast to results by GREEN and RINGWOOD (1967) , garnet does not appear even at 30kb. In order to examine the stability of the clinopyroxene in D-series, the following four additional 30kb experiments were tried by employment of high-alumina basalt.
In the first experiment, glass was prepared by fusing high-alumina basalt at 1 atmosphere, 1,300°C in a piston-cylinder apparatus.
Quenched glass was taken out, pulverized and used for high pressure run at 30kb and 1,385°C. In the second experiment, high-alumina basalt was fused in the same fashion as that of the first experiment.
The whole system was quench ed once, left as it was for 10 minutes, then the system was brought to 30kb and 1,400°C, and kept for one hour.
That is, unlike in the first experiment, glass formed at I atmosphere was not pulverized in the second experiment.
In the third experiment, glass was prepared by fusing high-alumina basalt at 30kb and 1,500°C. After quenching, glass was taken out, pulverized, and used for a high pressure experiment at 30kb and 1,385°C.
In the fourth experiment, high alumina basalt was fused at 30kb and 1,500°C The following facts were revealed from these four experiments in addition to foregoing 30kb D and E-series experiments.
Garnet would not nucleate either from melt or from unpulverized glass even at 30kb, while clinopyroxene never fails to appear coexisting with silicate melt in both cases. When pulverized glass or powder of rocks is used as starting material, garnet as well as clinopyroxene appears coexisting with silicate melt at 30kb. BOYD and ENGLAND (1959) and COHEN et al. (1967) Further, it has been observed in experiments at 10kb on picrite basalt that clinopyroxene is an essential mineral in the partial solidification, while partial melting produces olivine and clino pyroxene as crystalline phase coexisting with silicate melt (MASUDA, SHIMIZU and SANGEN, unpublished) . Thus, it would be considered that partial solidification prevailingly produces metastable clinopyroxene essentially free from other minerals in wide fields of chemical com positions and physical conditions. On the other hand, partial melting would give rise to diversifi cation in a solid phase, producing thermo dynamically stable assemblages: for example, garnet and clinopyroxene at 30kb,clinopyroxene at 20kb and olivine and clinopyroxene at 10kb in some basaltic systems. Moreover, it would be worthwhile noting that the metastable clino pyroxene formed by partial solidification has always rectilinear REE partition pattern, while REE partition patterns for products of partial melting vary with the change of mineral as semblage. For instance, the REE partition pat tern for products of partial melting is curved one at 30kb because garnet is included, but the pattern is rectilinear one at 20kb because clino pyroxene is the only crystalline phase. Further, it would be added that REE partition pattern is modified peak-shaped for clinopyroxene of partial solidification in the alkali olivine basalt at 20kb and the pattern is terrace-shaped for clino pyroxene of partial melting in the same basalt at the same pressure. It is concluded from these results that REE partition patterns of partial solidification and partial melting do not always agree with each other. MASUDA (1978) suggested that REE patterns for whole rocks were determined by a process to separate single-phase solid precursor from the
